Abstract. This paper considers damage development mechanisms in composite laminates subjected to tensile loading. The continuum damage mechanics is the most widely used approach to capture the non linear behaviour of laminates due to cracking. In this study, a continuum damage model based on ply failure criteria, which is initially proposed by Ladevèze has been extended to cover all plies failures mechanisms using an accurate numerical model to predict the equivalent damage accumulation. However, this model requires a reliable representation of the elementary damage mechanisms which can be produced in the composite laminate. To validate this model, a numerical application has been carried on the cross-ply laminates of type [0 n /90 m ] s . . A shear lag model was adapted to calculate the average stress of the 0° and 90° plies. The solution presented is obtained by using finite element analysis which implements progressive failure analysis. The effect of the stacking sequences has been done by varying the thickness of the 90° plies.
Introduction
Composite laminates can have significant advantages over unidirectional composites for multiaxially loaded structural applications because the orientation, thickness and stacking sequences of the fibre-reinforced laminate can be varied to satisfy the needed stiffness and strength requirements in different loading directions [1, 2] . The first form of damage in laminates is usually matrix microcracks, which can be problematic because damage modes such as transverse ply cracking, fibre/matrix interface debonding and interply delamination are more complicated than in the case of a unidirectional composite loaded in one direction. A detailed understanding of damage evolution is therefore important for both designing improved composite laminates and utilizing them more reliably in structural applications. The stacking sequence of plies affects the overall stiffness and failure properties of the designed structure. The simplest layup configuration is that of the cross-ply laminates where the plies are oriented along 0° and 90° directions. When a cross-ply laminate is loaded with the tensile axis aligned parallel to the 0° ply direction, it is generally believed that transverse matrix crack first appears in the weaker 90° plies [3] . These small cracks quickly grow to extend laterally to span the entire 90° layer and then penetrate into neighbouring 0° plies [3] [4] [5] . These cracks are more or less uniformly spaced. With applied loading, their number increases and then reaches a saturation level. This level has been termed as Characteristic Damage State (CDS). After reaching a saturation crack density, local deterioration in the material occurs in the form of internal delaminations at the tips of these cracks. These delaminations grow with further loading. The final failure of the laminate occurs by fibre breakage in the 0° plies.
In order to model the laminate failure which involves all these damage mechanisms evolution, numerical tools are needed. However, this work intend to the development of such a predictive methodology to study the damage evolution in composite laminates. Modelling of laminate failure is often endeavoured on the mesoscale, where a laminate is considered to be consisting of homogeneous plies, each with orthotropic properties that depend on the fibre orientation. The mesoscale approach is adopted because explicit modelling of the entire microstructure is computationally unaffordable. As a consequence, assumptions must be made on how to represent micromechanical failure in the homogenized model. Because the intact ply is modelled as a continuum, a relatively straightforward way to represent failure is with a continuum failure model, i.e., by introducing softening behaviour in the homogenized constitutive law. A popular continuum failure theory is the continuum damage model [6] , in which the stiffness of the material is reduced gradually after a certain failure criterion has been violated. In the scope of orthotropic composite materials, several continuum damage formulations have been proposed [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , with different degrees of complexity in failure criteria and degradation laws.
In this contribution, a continuum damage model based on the first ply failure is presented, which is initially proposed by Ladevèze [9, 22, 23] and has been adopted by several other authors (e.g. [24] [25] [26] [27] [28] ). The first failure criterion is not sufficient when crack mode propagation is produced through the thickness of the off-axis. Hence, we have extended this last one to cover all plies failures mechanisms, using an equivalent damage accumulation, which requires a reliable representation of the elementary damage mechanisms which can be produced in the composite laminate. However, an equivalent damage accumulation is assumed to study the effect of different stacking sequences. A numerical application has been carried to cross-ply laminate of type [0 n /90 m ] s under tensile loading. A shear lag model was adapted to calculate the average stress of the 0° plies and 90° plies [37] [38] [39] [40] [41] [42] [43] [44] [45] . In addition, the solution algorithm using finite element analysis which implements progressive failure analysis is presented. Effect of stacking sequence is focused particularly on the 90° ply thickness which mostly affects the transverse cracks initiation and propagation.
Continuum Damage Model
In the approach of "mesomodel damage of laminates" (see Ladeveze, Allix et al. [29] [30] [31] [32] [33] [34] [35] ) and also Talreja [36] for alternative approaches), one assumes that the behaviour of any composite laminate for any loading and any stacking sequence can be modelled using ply failure criterion. The ply takes into account diffuse damage, transverse microcracking, local delamination and fibre breakage. The level of each mesoconstituent is quantified by damage indicators, whose evolution is governed by damage forces through an assumed damage law. An important point of the model is that the state of damage is assumed to remain constant throughout the thickness of a single layer (of course, it can vary from one layer of the laminate to the next one). In other words, the main hypothesis of this computational model is that the damage evolution law is intrinsic to a ply and does not depend on the stacking sequence in which the ply is placed. However, in this contribution, we have extended this model to cover all plies failure adopting some hypothesis to calculate an equivalent damage accumulation which covers all ply failure mechanisms constituted by any stacking sequences of composite laminate.
Continuum Damage Model Based on Ply Failure Criterion.
One of the most widely used approaches of continuum damage mechanics models based on energy potentials has been developed by the research group of Allix and Ladevèze [29] [30] [31] [32] [33] [34] [35] . The plies are taken to be homogeneous and orthotropic and the damage to be constant throughout the ply thickness. This allows each ply in the laminate to be represented using an orthotropic, with damage, stress-strain relationship given by: 
In the above equations the material constants are introduced, having the range 0 (no damage) to 1 (fully damaged) to describe damage development in the fibre, transverse and shear directions, respectively.
Assuming the existence of plane stresses and small perturbations, the associated elastic strain energy of a ply at a given stage of damage is: 
The transverse tension energy and compression energy are split in order to describe the unilateral feature resulting from the opening and closing of the micro-cracks. In the case of a transverse compression load, micro-cracks close up and thus the transverse direction behaviour remains undamaged. From this potential, thermodynamic forces associated with the tension and internal 
In order to account for the coupling between the transverse and the shear during the development of the damage, an equivalent associated force Y was defined in each time during the history of the loading in ply: 22 12 
Generally, the coupling factor b is determined from experiments.
The development of the internal variables depends on these equivalent thermodynamic forces. When tensile is applied, the 11 d develops sharply because of the brittle behaviour of the fibres in the unidirectional plies:
Yd Yd
Yd 11 is the critical parameter, which defines the ultimate force corresponding to the tensile failure.
The evolutionary laws governing the internal variables 12 d and 22 d in each unidirectional ply, which depend on the associated equivalent forces (eq. 5), still remain to be defined. In shear and transverse direction, a first approximation of the damage development, which corresponds to a linear law with respect to the square root of the equivalent associated force Y, shows a good fit with the experimental data: The rupture criteria depend on the direction: brittle in the fibre direction, brittle fracture after damage under transverse tension loading and rupture as the result of instability under shear loading conditions.
Continuum Damage Model Based on equivalent damage accumulation.
Generally, the previous model based on the first failure criterion is not sufficient, in case a mode of crack propagation can be produced through the thickness of the off-axis. However, this model takes account the progressive and accumulative aspect of the damage. This type of approach is particularly well adapted for metals or where a single crack can be initiated, propagated and leading to the failure of the structure. In the case of the laminated composites, this approach is modified to take into account the multiple cracks which appear progressively in the laminate. We will propose a numerical concept which takes into account the accumulation of the damage inside the composite laminate in transverse direction. Generally the transverse cracks appear earlier in the composites which include the most disorientated layers to the applied tensile loading axis, by consequence they propagate faster towards the interfaces (failure interlaminaire). Some simplifications for numerical implementation are made. Based on the assumption of transverse isotropy, the elastic modulus in the 2-2 and 3-3 directions, and shear modulus in the 1-2 and 1-3 directions, and shear modulus in the 1-2 and 1-3 directions are considered respectively equal: 
N ply indicates the number of plies constituting the composite laminate. As a result, the final failure occurs, when the sum of equivalent damage accumulation in all direction extends the critical value:
Interaction's Processes / Structures
Application and discussions
A numerical application has been carried out on the cross-ply laminates under tensile loading. A shear lag model is employed to estimate the average stress of the 0° and 90° plies. Considering a baseline cross-ply laminates [0 n /90 m ] s with the midplane 90° plies, the loading state considered here is only the simple axial tensile load ( a σ ), as shown in Fig.1 . Let us consider the elementary cell of length 2L of cracked laminate limited by two pre-existing cracks, x=L and x=-L (Fig.1) . It is known from analytical micromechanics solution that maximum axial stress in the 90° plies occurs midway between the existing cracks. Thus a new transverse crack can nucleate and grow in a plane located here and lying parallel to the existing crack planes.
The ratio of longitudinal moduli xx E of the matrix cracks and without matrix cracks 
where β is the shear-lag parameter 
is the thickness of the 90 ° and 0° plies, D is the crack density (D=1 /2L). The final regular crack spacing of matrix crack is 2L CDS which can be determined as reported in reference [37] (the subscript CDS refers to the Characteristic Damage State [38] in which a final saturation crack density is achieved). α is the assumed shape index of the crack open displacement. For the crossply laminates [0 n /90 m ] s , it varies from 0 to 2 in different shear-lag models [39] [40] [41] and reflects the assumed displacement function of the cracked 90° plies [37] . It can be used as a global parameter to characterize the matrix crack effect. If we assume a = 1.1, Equations (11) and (12) give good predictions of the stiffness reduction caused by matrix cracking in CFRP, GFRP and KFRP laminates [42] .
The average stress of the 0° and 90° plies is supposed constant along their thickness [43, 44] : A computational flow chart for the progressive failure analysis of the cross-ply laminates used in this application is presented in Fig.2 . which summarizes all numerical steps by five points: (1) Finite element modelling is used by including the geometry (stacking sequence) and specimen dimensions (l, b, h) , thickness of the 0°and 90° plies (h 1 , h 2 ) and initial material properties ( , the global failure occurs, else the applied load is increased and the analysis continues.
Evolution of the Damage Mechanisms in Cross-Ply Laminate.
The model is applied to crossply laminates constituted from continuous carbon fibres and epoxy resin of type IM7/977-2 with long carbon fibres of intermediate reference module IM7 and with epoxy matrix of reference 977-2.
The stacking sequence which is taken to compare with our numerical result is the quasi-isotropic laminate [0 2 /90 2 ] S (dimensions 108 mm x 12.7 mm x 1.1 mm). The experimental static tensile strength of the specimens was determined as 814 MPa [45] . A good agreement is obtained on tensile strength between our predicted value corresponding to 800 MPa (Fig. 3 ) and experimental result. Fig.3 shows the plot of equivalent damage accumulation with applied tensile load for the cross-ply laminate [0 2 /90 2 ] S . It is clearly observed from this figure (Fig.3 ) that we can decompose the damage mechanisms evolution into four phases:
• Diffuse Damage: Materials are initially degraded by micro-cracks which are associated mainly with matrix micro-cracking. This zone is characterized by non linear evolution.
• Propagation of Transverse Cracks: Further loading will cause micro-cracks to coalescence and form a macro-crack leading to brittle fracture which is assumed to propagate into the entire thickness of the off-axis and will extend until it is stopped by fibres crossing the crack paths.
• Local Delaminations: Continued loading will generate new transverse macro-cracks and local delaminations until a saturated level of matrix macro-cracks is reached an asymptotic state which called the characteristic damage state (CDS). During this fourth stage, the crack density increases and local delaminations grows which is illustrated in Fig.3 by constant damage (delamination growth doesn't taken into account in this study, because we are limited to the first ply failure criterion) • Fibres Breakage: The final failure of the laminate occurs by fibres breakage in the 0° plies.
Transverse cracking in the 90° plies causes local stress redistribution in the laminate which leads to additional loads on 0° plies. Interaction's Processes / Structures the final failure is mainly occurred by 0° plies even before the crack develops fully. However, in the least constrained case, the final failure is mostly caused by transverse cracks (≈90%). The crack density (cracks/length) decreases if a 90° layer thickness becomes less than the thickness of the 0° plies [37] , which confirmed our result that the stress application cannot have a sufficient interval of time to increase the crack density (Fig.4) .
Effect of Stacking
an 
Conclusion
This work deals with the development of a numerical approach to study damage evolution in composite laminates. The results of the numerical computation have been justified by experimental observations. For cross-ply laminates, a wealth of analytical and numerical tools exists to predict micro-cracking initiation, propagation and their effects on material failure. In such laminates under the quasi-static tensile test, the first form of damage is usually transverse cracking in 90° plies. The modelling results showed the effects of different stacking sequences with thickness variation of 90° plies, when it is observed that there is a significant effect of 90° plies thickness on the stress initiation and propagation of the transverse cracking. As the thickness of 90° plies decreases and becomes less than the thickness of the 0° plies, the stress to micro-cracks initiation and propagation decreases and the cracks density increases. However, in this last case, the transverse cracking affects the entire microcracking process and leads to instantaneous fracture events as the cracks in the 90° plies act to raise the stress in adjacent 0° plies to cause early fibre fracture. It is also found that the number of broken fibres did not increase because of the development of local delamination at the 0°/90° interface in the vicinity of the crack. On the other hand, when the 90° layers thicknesses are more than 0° layers thickness, the micro-cracks are suppressed entirely and the laminate fails before propagation of micro-cracking, while the final failure is mainly occurred by transverses cracking. Realistic cases must be adopted for clarifying damage mechanisms and to study the effects of material on damage evolution in composite laminates. A numerical application to other types of stacking sequence should also be carried out.
